Memory formation is believed to result from changes in synapse strength and structure. While memories may persist for the lifetime of an organism, the proteins and lipids that make up synapses undergo constant turnover with lifetimes from minutes to days. The molecular basis for memory maintenance may rely on a subset of long-lived proteins (LLPs). While it is known that LLPs exist, whether such proteins are present at synapses is unknown. We performed an unbiased screen using metabolic pulse-chase labeling in vivo in mice and in vitro in cultured neurons combined with quantitative proteomics. We identified synaptic LLPs with half-lives of several months or longer. Proteins in synaptic fractions generally exhibited longer lifetimes than proteins in cytosolic fractions. Protein turnover was sensitive to pharmacological manipulations of activity in neuronal cultures or in mice exposed to an enriched environment. We show that synapses contain LLPs that may underlie stabile longlasting changes in synaptic structure and function.
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long-lived proteins | protein turnover | enriched environment | neuronal activity | mass spectrometry S ynapses have the ability to change in strength and structure, a process referred to as synaptic plasticity. Certain forms of synaptic plasticity, such as long-term potentiation (LTP) or depression (LTD), can be maintained for many months to years (1) . It is widely believed that LTP and LTD are the cellular correlates of learning and memory. Many of the key cellular signaling events and molecular rearrangements underlying LTP and LTD have been identified and characterized (2, 3) . The earliest events leading to LTP and LTD initiation involve activation of cellular signaling machinery, which can last on the order of seconds to minutes. Later phases of LTP and LTD, which can be examined experimentally over several hours, involve the synthesis, recruitment, and capture of specific proteins that produce changes in the structure and strength of the synapse. Inhibition of protein synthesis during this period is sufficient to impair synaptic plasticity and memory formation (4) . Importantly, several hours following establishment of LTP/LTD and learning, the plasticity and memory are transformed into a relatively stable form that is resistant to protein synthesis inhibitors. However, during this maintenance phase of synaptic plasticity the majority of proteins known to constitute these synapses will turn over, being degraded and replaced with a time course typically of hours to a few days (5) (6) (7) (8) . While a great deal is known about the molecular mechanisms that initiate synaptic plasticity events, very little is known of the molecular processes that enable synaptic strength and memories to persist for extended periods. It is widely believed that some aspects of synapse structure will remain stable for extended periods to promote the retention of memories after their formation (9) (10) (11) . One possibility is that extremely long-lived proteins (LLPs) may reside at synapses and form part of the molecular basis for long-term memory maintenance.
Previous studies have shown the existence of LLPs in the body. For example, crystallin and collagen, which make up the lens of the eye and cartilage, respectively, last for decades. Components of the nuclear pore complex of nondividing cells and some histones have also been shown to last for years (12) (13) (14) (15) . The extreme stability of some of these proteins is obviously critical for the structural integrity of relatively metabolically inactive regions of the body, such as the lens and cartilage. However, it is less clear why proteins in the nuclear pore complex and certain histones need to be stable. Presumably, the stability of these proteins in these dynamic subcellular domains is important for their structural and functional role in cells. The potential presence of LLPs in synapses may indicate that they play critical roles in long-lasting synaptic processes, such as long-term plasticity and memory. Unlike other long-lived molecules, such as DNA, that employ several mechanisms to repair damage encountered over the lifetime of the molecule, little is known regarding such mechanisms that act on LLPs (16, 17) . It is known that proteins will suffer oxidative damage over time, and these insults to LLPs may contribute to the aging process. Such has been shown to be the case for crystallin and collagen, where age-related damage
Significance
The majority of cellular proteins undergo rapid degradation and synthesis to minimize the toxic effect to cells and tissues and to guarantee normal cellular functions. It has been appreciated that proteins with longer half-lives exist in certain cells and tissues. Here we identify synaptic long-lived proteins by high-resolution mass spectrometry. In general, synaptic proteins exhibit slower turnover than cytosolic proteins, and synaptic protein turnover from mouse brain is enhanced by enriched environment exposure. Moreover, protein half-lives are dynamically regulated during changes in neuronal activity. These findings demonstrate the existence of long-lived proteins in synapses in the brain and support a potential role for them in synaptic plasticity and learning and memory.
contributes to the formation of cataracts and cartilage stiffening, respectively (18) (19) (20) . In metabolically active neurons, it is possible that damage to LLPs associated with memory storage may contribute to cognitive decline during aging.
Earlier studies have suggested that synaptic kinases can mediate the long-term maintenance of plasticity and memory. For example, activation of Ca 2+ /calmodulin-dependent protein kinase type II (CaMKII) is required for the induction of LTP and increased phosphorylation and functionality of AMPA receptors (AMPARs) (3, (21) (22) (23) (24) (25) , and autophosphorylation of CaMKII has been proposed to maintain LTP and long-term memory (3, 25) . Studies have also found that a constitutively active brain-specific variant of PKCζ, called PKMζ, could be generated following memory formation and maintain the memory through sustained kinase activity (26) . However, recent studies have shown that memory formation and maintenance can occur in the absence of PKMζ (27, 28) , although a recent study reports that another atypical isoform, PKCi, may compensate for PKMζ (29) . Studies in aplysia have suggested that during facilitation (memory formation) the translation regulator CPEB protein (cytoplasmic polyadenylation element binding protein) can undergo a conformational shift resulting in prion-like properties, in which the prion conformation can be transmitted to newly made copies, enabling persistent memory storage (30) (31) (32) . This mechanism has since been reported to occur in drosophila and mice (33, 34) .
While it has long been observed that the formation of memory requires the synthesis of new proteins, it is unknown how these proteins become recruited to or captured by the synapses specifically associated with a memory or plasticity event and contribute to stable memory formation. The synaptic tag hypothesis posits that a molecular rearrangement occurs at active synapses that enable those synapses to recruit the necessary factors for longterm memory formation (35, 36) . One possibility is that during the formation of the synaptic tag or other structural changes to the synapse, certain proteins will undergo a conformational shift resulting in a highly stable protein/complex that may be extremely long-lived. Another possibility is that LLPs can become recruited or captured by activated synapses and then reside at these synapses for long periods, forming part of the molecular basis for the synaptic tag and long-term memory storage.
Although many synaptic proteins have been studied and shown to play critical roles in brain function, their turnover kinetics have not yet been explored systemically. In the current study, we have performed SILAM (stable isotope labeling in mammals) (37, 38) in combination with subcellular fractionation to quantify protein turnover rates during control and experience-dependent plasticity conditions (i.e., enriched environment). With this approach, we have characterized the turnover kinetics for a large population of the synaptic proteome and have identified populations of synaptic LLPs. We also have performed SILAC (stable isotope labeling by amino acids in cell culture) (39) using primary neuronal cultures to characterize protein turnover kinetics during persistent neuronal activity changes and have identified populations of proteins that are stabilized or destabilized by activity. In summary, the identification and characterization of synaptic LLPs may provide insight into new molecular mechanisms contributing to synaptic function and learning and memory, as well as new avenues to understand and combat aging-related diseases of the nervous system.
Results

Measurement of Protein Turnover in the Synaptic Proteome in Mice.
To systematically measure synaptic protein turnover in vivo and identify synaptic LLPs, we performed metabolic labeling in mice using heavy/light isotope-containing rodent chow. Following weaning, 3-wk-old mice were fed with a diet enriched in stable heavy-isotope-labeled amino acids (Lys-13 C 6 ) for a pulse period of 7 wk, during which time the majority of newly synthesized proteins in the mouse incorporate the heavy isotope label (discussed below). The mice were then switched to feed containing unlabeled (light) amino acids (Lys-12 C 6 ) for a chase period of 7 wk, during which time the majority of heavy-labeled proteins are replaced with newly made unlabeled proteins ( Fig. 1 A and B) . Our in vivo metabolic labeling strategy resulted in >80% labeling efficiency of synaptosomal and cytosolic fractions of mouse forebrain during the pulse (Fig. 1B) . The kidney proteome showed labeling efficiency at >90% (Fig. 1B) , a significantly higher relative isotope abundance (RIA) [heavy/(heavy + light)] compared with forebrain proteins, likely due to the higher rates of cellular renewal and proliferation in the kidney. Stable proteins with slow turnover incorporate heavy isotope label at a slower rate during the pulse but also retain a greater portion of heavy isotope label at the end of the chase (Fig. 1A) . Just before chase, one cohort of mice remained in their home cages, while another underwent 3 d of enriched environment (EE), a condition expected to drive neuronal activity and plasticity across a large portion of the brain (40) (41) (42) (Fig. 1A) . Mice brains were harvested at the end of the pulse or chase periods followed by dissection of the forebrain (cortex and hippocampus) and subcellular fractionation to isolate synaptosomes. This region of the brain was chosen for analysis as it is known to be critical for learning and memory. The quality of synaptosomes used for proteomic analyses was monitored by Western blot of synaptic proteins in sequential fractions (Fig. 1C ). Proteins were digested with Lys-C protease to generate peptides and analyzed by high-resolution MS to identify peptides and quantify heavy/light ratios. First, the peak intensities of the heavy and light isotope-containing peptides from different tissues or subcellular fractions were obtained and labeling efficiency was Schematic of metabolic labeling in mice. At 3 wk old, male mice were fed with chow containing heavy-isotope-labeled Lys-13 C 6 for 7 wk, followed by unlabeled chow for 7 wk. Mice were exposed to either control or EE for 3 d before chasing with unlabeled chow. Mice were killed at the end of the pulse or chase periods followed by tissue isolation, subcellular fractionation, and analysis by LC-MS/MS. (A, Right) Stable proteins incorporate less label during pulse but retain more during chase. Unstable proteins rapidly acquire and then lose heavy label. (B) RIA of heavy lysine incorporated in the proteome during the pulse of forebrain synaptosomes (Syn.), cytosol, and or whole kidney. Box plot shows high levels of heavy labeling were achieved on average; individual protein species show variable labeling according to their turnover. Labeling efficiency was significantly higher in the kidney compared with brain, indicating higher rates of protein metabolism (P < 0.05, Student's t test). Data obtained from eight mice. Error bars indicate the full distribution of data points. (C) Subcellular fractionation of mouse forebrain was monitored by Western blot analyses of synaptic and nonsynaptic proteins. Whole forebrain lysate, cytosol, and synaptosomal fractions (Syn.) were analyzed.
validated by calculating RIA. Our dataset consists of four groups of two mice each, control pulse 7 wk, control chase 7 wk, EE pulse 7 wk, and EE chase 7 wk. MS analysis identified over 5,500 proteins from the synaptosome fractions, with 2,272 proteins quantified for RIA values obtained in all eight mice (Fig. S1 ).
During the chase period, RIA values decrease as heavy isotope labels are replaced by light ones (Fig. 2A) . The ratio of RIA during pulse to RIA during chase allows for a measure of protein turnover with a value of 1 showing no turnover and greater values indicating higher turnover rates (Fig. 2B) . Synaptosome protein turnover measured from all four control mice spanned an order of magnitude (Fig. 2B ). We defined LLPs as those proteins which retained at least 50% of the heavy label obtained during the pulse after the 7-wk chase period, corresponding to an RIA turnover ratio of 2.0 or less, indicating a half-life of several weeks or months, discovering 164 synaptosomal LLPs from control mice ( Table 1 ). In comparison, the average RIA turnover ratio was 3.60 and the median was 3.74. The core synaptic scaffold protein PSD95 (Dlg4) showed a turnover ratio of 2.69, while amyloid beta A4 protein (App), which is known to undergo proteolytic cleavage, showed a high RIA turnover ratio of 5.61 (Fig. 2B) . Reconstructed MS1 extracted ion chromatograms of proteins with slow turnover ratio showed a large amount of remaining heavy lysine after 7 wk of chase period ( Fig. 2C and (Fig. S3 ). Gene Ontology analysis revealed that LLPs showed a broad spectrum of molecular function and cellular components including cytoskeletal proteins, mitochondrial proteins, scaffold and signaling molecules, enzymes, and ECM proteins (Fig. 2D) .
For example, we identified myelin sheath proteins such as Plp1 (myelin proteolipid protein), proteoglycans or proteoglycanrelated proteins such as Vcan (versican core protein), and Hapln1 (hyaluronan and proteoglycan link protein) as long-lived, in agreement with earlier studies (Table 1 ) (8, 43). We particularly noted a family of five microtubule-associated proteins, collapsin response mediator protein (CRMP1-5), also called dihydropyrimidinase-related proteins (Dpysl1-5), which were all found to have extremely slow turnover: CRMP1 (1.29), CRMP2 (1.68), CRMP3 (0.99), CRMP4 (1.58), and CRMP5 with a turnover ratio of 0.97 showed no turnover over in 7 wk ( Fig. 2 A and B and Table 1 ). CRMP proteins have been previously characterized as playing a role in axon guidance and development of neuronal circuits as well as synaptic plasticity (44) and have not previously been described as extremely stable proteins. Other notable LLPs include small GTPase proteins of the Ras family (Rras2), BAR domain proteins (Sh3gl1 and Sh3gl3), which have prominent functions in synaptic vesicle endocytosis and receptor trafficking, and the type-II regulatory subunits of PKA (Table 1) . We found that other identified proteins with higher turnover were grouped in the same cellular components, molecular functions, or protein classes as LLPs ( Fig. S4 A and B) .
Protein Turnover Is Accelerated in Cytosol Compared with Synaptosomes.
Several LLPs identified in the synaptosomes are also present in the cytoplasm, including CRMP isoforms and PKA subunits (Fig.  3A) . We also examined protein turnover from the cytoplasmic fraction of mouse forebrains and were able to quantify 2,119 proteins. Cytosolic proteins showed an almost uniform shift toward higher turnover compared with synaptosomes (Fig. 3B) . The median protein turnover ratio from control group was 4.35 in cytosol compared with 3.71 in synaptosomes (P < 0.001, Student's t test, Fig. 3B ). Although proteins from cytosolic fraction seemed to have higher turnover ratio under both control conditions, certain proteins were disproportionally affected, as shown by the paired plot in Fig. 3C . These findings suggest that some proteins may form relatively stable complexes in synapses that reduce their turnover or that proteins in the cytoplasm are more readily accessible to protein degradation machinery, accelerating their turnover.
Protein Turnover Kinetics Are Accelerated by Experience-Dependent Synaptic Plasticity. Previous studies have shown that EE exposure can result in altered gene expression, proliferation of neural progenitor cells, and altered threshold for synaptic plasticity (40, 41, 45) . We have found that acute EE exposure can induce expression of plasticity-related genes, such as Arc and Homer1a, and enhance phosphorylation of AMPARs throughout the cortex and hippocampus (46) . It is clear that protein synthesis and degradation play critical roles in synapse maintenance and plasticity and the cross-talk between these two distinct protein pathways must be properly orchestrated. However, how changes in global neuronal activity affect protein turnover are not clear. In our experiment, mice underwent 3-d EE exposure, with novel objects changed daily, just before the chase period. Our expectation was that EE would induce synaptic plasticity across large parts of the forebrain and certain heavy-labeled proteins would show altered stability 7 wk later at the end of the chase. Surprisingly, we found that synaptosome proteins from EE-exposed mice showed an almost uniform shift toward increased protein turnover when comparing the ranked turnover ratios from control mice ( Fig. 4A ; median turnover ratio 3.80 in control mice and 4.91 in EE exposed mice, P < 0.001, Student's t test). Exposure to EE also resulted in increase of turnover ratio of proteins from cytosolic fractions ( Fig. 4A ; median turnover ratio 4.35 in control mice and 6.52 in EE exposed mice, P < 0.001, Student's t test). This finding suggests that enhanced neuronal activity during exposure to an enriched environment accelerated the turnover of the majority of proteins, consistent with results showing that synaptic plasticity controls both protein synthesis and degradation (5) (6) (7) (47) (48) (49) (50) (51) (52) (53) . Although there seemed to be an overall shift toward higher turnover in EE mice, certain proteins were disproportionally affected, as shown by the paired plot in Fig. 4B . We identified Casein kinase Iα as the only protein stabilized by greater than 40% in EE-exposed mice compared with control and 247 proteins destabilized by more than 40% compared with control (Table S1 ). Amyloid precursor protein APP showed a disproportionate destabilization in EE-exposed mice, consistent with findings that proteolytic processing of APP is accelerated by neuronal activity (Table S1 ) (54) .
Measurement of Protein Half-Lives in Cultured Neurons with Pharmacological Manipulations of Neuronal Activity. Exposure to EE accelerated protein turnover in mice, suggesting that protein lifetime kinetics may be sensitive to neuronal activity. Neuronal activity changes have also been found to lead to changes in protein expression in vitro (55, 56) . To further address the effect of neuronal activity on protein turnover, we adapted metabolic labeling using stable isotope-labeled amino acids in primary cultured rat cortical neurons (Fig. 5A) . Rat cortical neurons were grown in culture under normal growth conditions until synapses began to form at day in vitro (DIV) 11 and treated thereafter with a fivefold excess of heavy isotope-labeled lysine and arginine. These heavy amino acids are incorporated into newly synthesized proteins, which can then be detected using MS (Fig. 5B and Table 2 ). Heavy isotope labeled proteins accumulated as new proteins are synthesized, while older unlabeled proteins decrease in abundance as they are degraded. With a fivefold excess of heavy amino acids the theoretical maximum RIA will be 0.833 of the total protein. Proteins with the highest turnover approach the maximum incorporation within a few hours of isotope labeling, while proteins with the lowest turnover incorporate much less isotope label, even after 7 d of labeling (Fig.  5B) . Thus, at different times after the addition of labeled amino acids the RIA can be determined and the rate at which proteins exchange light for heavy amino acids can be used to calculate the half-life of individual protein species (57) (Fig. 5 B and C) . Coincident with the addition of heavy-labeled amino acids, neuronal network activity was increased by the addition of bicuculline (Bic), an antagonist of inhibitory GABA A receptors, or suppressed by the addition of TTX, an inhibitor of voltage-gated sodium channels, to induce global increases or decreases in neuronal activity, respectively. Total neuronal lysates were then collected 6 h and 1, 3, or 7 d after the addition of heavy amino acids together with Bic or TTX (Fig. 5A) ; proteins were digested with trypsin to generate peptides and then subjected to high-resolution MSanalysis.
In total, greater than 6,700 proteins were identified. Using this approach, we have been able to obtain half-life estimates for 2,593 proteins in control neurons (calculated from all four time points), and 2,245 neuronal proteins identified/quantified in all four time points from control, Bic, and TTX treatment, including stable and short-lived proteins, demonstrating the feasibility of this approach (Fig. 5C, Fig. S5 , and Table S2 ). Reconstructed MS1 elution profile of proteins with longer half-life showed a small amount of incorporated heavy arginine or lysine after 7 d of pulse period while proteins with shorter half-life showed higher portion of incorporated heavy arginine or lysine (Fig. S6) ; 117 proteins (4.5% of the total) showed a half-life of 5 d or longer, including cytoplasmic, nuclear, cytoskeletal, ribosomal, mitochondrial, and cell-surface proteins with various molecular functions such as binding, catalytic, and structure (Fig. 5D) . Several LLPs identified in the in vivo labeling studies in mice, such as CRMPs and type-II PKA regulatory subunits, were also found to be relatively long-lived in cultured cells in vitro (Fig. 5C) , suggesting that metabolic stability may be an inherent property of these proteins. Histone subunits also showed notable longevity consistent with previous studies (43) . Suppression of neuronal activity with TTX resulted in significantly slower protein turnover and greater protein stability, whereas increased neuronal activity with Bic treatment caused a slight acceleration of protein turnover that was not statistically significant (median half-life: 2.83 d control; 3.13 d TTX; 2.80 d Bic) (Fig. 5E ). While TTX treatment caused an overall decrease in protein turnover and Bic treatment caused a slight increase, specific proteins showed stabilization or destabilization (Fig. 5 F and G) , perhaps as part of the homeostatic adaptation to altered neuronal activity (58, 59). We defined Bic or TTX treatment as having a specific effect on protein turnover if the half-life was stabilized or destabilized by 40% or greater compared with control treatment. With these criteria, we found that Bic treatment caused the stabilization of 28 proteins and destabilization of 37 proteins; TTX treatment caused the stabilization of 135 proteins and destabilization of 17 proteins (Table S2) . Intriguingly, the overall reduction in protein turnover in cultured neurons upon suppression of neuronal activity was similar to the accelerated protein turnover observed following EE exposure in mice, suggesting a strong relationship between protein turnover and neuronal activity. Since EE and neuronal activity are known to regulate protein synthesis rates this could complicate the determination of the turnover rates of some proteins. Further studies of individual proteins will be required to address this question.
Discussion
Previous studies have shown that the human body contains many LLPs, such as collagen in cartilage, that can have half-lives longer than 100 y (14, 60) . LLPs have also been found to form stable structures within the metabolically active environment of the cell, such as histone octamers and nuclear pore complexes. The extreme stability of these proteins is likely important for the structure and function of chromatin and the nuclear pore complex. LLPs may be especially important in neurons in the brain, which have a very limited capacity for renewal. We hypothesized that a subset of LLPs may reside in neuronal synapses, and this extreme stability would be important in long-lasting structural and functional properties of synapses, such as the maintenance of long-term plasticity and memory. Interestingly, LLPs would be expected to accumulate oxidative damage over time, potentially forming a source of vulnerability during aging. Synaptic LLPs that maintain memories could therefore play a critical role in age-related cognitive decline.
We used unbiased and systematic metabolic labeling and highresolution MSin mouse brain synaptosomes and cultured neurons to characterize protein turnover and identify novel neuronal LLPs. We found that the synaptosomal proteome from adult mice does indeed contain LLPs, many of which have not been previously described for their longevity, including type-II regulatory subunits of PKA, several components of the ECM, and all five members of the CRMP family of microtubule binding proteins. CRMP5 in particular showed almost no turnover during the 7-wk chase period. CRMPs and others were also found to be among the most stable proteins in cultured neurons in vitro, suggesting that longevity is not unique to the adult brain and may be an inherent property of these proteins. Furthermore, we provide evidence both in mouse brain and cultured neurons that global protein turnover is sensitive to neuronal activity.
Having identified many LLPs within neuronal synapses, major questions yet to be addressed are what mechanism(s) allows for this exceptional longevity and what functional role this extreme stability conveys to the proteins and the synapse. Moreover, why would neurons maintain these synaptic LLPs that in the metabolically active environment of the synapse would be potentially exposed to oxidative damage? Protein turnover rates span a very wide range, from minutes to decades, and also vary between tissues and cell types (43) . The turnover of a protein is determined by multiple factors including the (i) primary sequence, (ii) cellular localization, and (iii) incorporation in larger protein complexes or cellular structures. The primary sequence can confer inherent stability when proteins adopt a particularly stable 3D conformation such as the β-can structure of GFP, or instability through Listed are the gene symbols (columns 1, 3, 5, and 7) and calculated average half-life (days) (columns 2, 4, 6, and 8) obtained from control group of SILAC experiment using cultured rat cortical neurons. Same gene symbols represent different isoforms.
inherently disordered regions or motifs that target the protein for proteolytic processing, such as the amyloid precursor protein APP, which was found to be among the most unstable proteins in mouse brain and cultured neurons. Longevity can also be conferred by targeting proteins to metabolically inactive environments such as the ECM, where proteins such as collagen can reside for very long periods. This likely explains the longevity of several ECM LLPs identified in our study, such as Vcan and Hapln1. Longevity may be conferred as proteins are incorporated in larger protein complexes or cellular structures where the individual proteins cannot be replaced without disruption of the complex and consequences to cellular function. The latter was proposed as the mechanism that allows for the exceptional longevity of histones and nuclear pore complex components (43) , where renewal of these proteins may require transient disruption of the nuclear envelope or chromatin structures, causing loss of nuclear/cytoplasmic compartmentalization and altered gene expression. Interestingly, we found that protein turnover was significantly higher in the cytoplasm than in synaptosomes, even for the same protein species found in both fractions, suggesting that these proteins may be incorporated into stable complexes or structures upon targeting to the synapse.
Some of the synaptic LLPs discovered in the current study may achieve longevity through particularly stable 3D folded structures. However, there is currently no evidence to suggest this is the case. Indeed, many of the LLPs we have identified have related proteins that were not long-lived. For example, RRas2 and type-II PKA regulatory subunits were found to be highly stable, while members of the structurally related Rab family or type-I PKA regulatory subunits were not. Additional structural or bioinformatic analyses may reveal certain sequence elements in the primary structure of LLPs that confer longevity.
In the second case, we identified several components of the ECM, such as Vcan and Hapln1, whose longevity could be explained by localization to the metabolically inactive extracellular space. It has been proposed that part of the long-term maintenance of memories may come from the perineuronal net (PNN), a latticelike structure of ECM that wraps certain neurons and dendritic processes. The PNN remains flexible during development and fully crystalizes as the brain matures, remaining largely stable for the remainder of life (11) . By wrapping certain synapses in an inflexible structure, the PNN may constrain and maintain the structure of dendritic spines and axonal boutons. During synaptic plasticity, extracellular proteases have been reported to be transiently activated to remodel the PNN (11) . As an extracellular structure, the proteins that make up the PNN may be highly resistant to typical cellular protein degradative machinery and damage from intracellular metabolites, offering a substantial advantage for the maintenance of memories. A recent study showed that not only was the PNN of the adult mouse sensory cortex temporarily regulated by fear learning, but it was also necessary for fear learning (61) . Since the synaptic long-lived proteome includes both intracellular and extracellular proteins, we suggest that long-term maintenance of synapses and memories will require the coordinated organization of intracellular and extracellular LLP complexes.
Longevity may be conferred by incorporation of proteins into larger complexes or structures (62) . CRMPs and type-II PKA regulatory subunits are known to form protein complexes, which we propose are required to maintain certain functional or structural properties of synapses. Similar to histones and nuclear pore complexes, replacement of synaptic LLPs may transiently disrupt synapse structure, leading to loss of information storage or cognitive function. Type-II PKA regulatory subunits are important to position the PKA holoenzyme by interaction with anchoring scaffold proteins and are known to play a role in synaptic plasticity and synaptic tagging (63, 64) . It has been recently shown that PKA catalytic subunits remain tethered to their type-II regulatory subunits upon activation by cAMP, limiting the activity of the kinase to within 25 nm of the site of anchoring (65) . As synaptic LLPs, type-II PKA regulatory subunits could be important to maintain and limit the activity of the PKA holoenzyme within synaptic nanodomains to maintain some aspect of synapse structure or functionality for long periods.
CRMP1-5, some of the most stable proteins from the current study, are involved in neuronal development, axonal outgrowth, cell migration, and protein trafficking, through interaction with microtubules and regulation of microtubule dynamics (44, 66) . Microtubules have been recognized as stable structures that support neuronal structures such as dendritic shafts and axons in mature neurons. Imaging studies focused on microtubule-associated proteins such as EB3 and Tau show that microtubules, which are typically absent from dendritic spines, transiently invade spines during synaptic plasticity, potentially delivering cargo required for synapse remodeling (67) (68) (69) (70) . Both tubulin and CRMPs undergo extensive reversible posttranslational modifications that regulate microtubule dynamics (71, 72) . Phosphorylation of CRMP isoforms by Cdk5 and GSK3β at conserved sites causes the dissociation of CRMPs from the microtubule network (44, 66, 73, 74) . We hypothesize that CRMPs may form a long-lasting complex with microtubules generating particularly stable conformations of the microtubule network that can maintain structural or functional properties of synapses. Combinations of modifications on CRMPs and tubulin may form a localized molecular code to direct protein and vesicular traffic or other cytoskeletal dynamics. Since the modifications on tubulin and CRMPs are reversible, the formation and maintenance of new memories during synaptic plasticity could require the local recruitment or remodeling of stable CRMP complexes.
To investigate the changes of protein turnover during global and persistent neuronal activity, we exposed mice to an EE or treated cultured neurons in vitro with Bic or TTX. EE is known to induce behavioral, structural, and molecular changes throughout much of the brain (41, 42, 75) . Our expectation was that robust memory formation during EE exposure would lead to the stabilization of memory-associated proteins. Surprisingly, EE induced an almost uniformly increased turnover of the synaptosomal proteome. In cultured cells, we found that blocking neuronal activity with TTX caused the opposite effect of almost uniform protein stabilization. The lack of overall effect from Bic treatment on protein turnover suggests that the basal activity of cultured neurons may already be quite high. Indeed, it is known that neuronal activity of neurons in culture is much higher than that typically observed in vivo. Together these findings suggest that ongoing neuronal activity plays an important role in global protein metabolism. However, in these experiments we also observed stabilization or destabilization of certain proteins, which may form part of the homeostatic adaptation to changes in neuronal activity (58, 59) and the long-term maintenance of memory.
Memories can last a lifetime, but many of the proteins that make up the synapse are degraded and replaced regularly. Here, we have used unbiased and systematic methods to examine the turnover kinetics of the neuronal and synaptic proteome. We found that overall protein metabolism is highly sensitive to neuronal activity and experience and that synaptic proteins are relatively stable compared with the cytosol. Importantly, we have identified a population of extremely LLPs in synapses which could potentially open new avenues of research into the long-term maintenance of plasticity and memory and age-related cognitive decline.
Materials and Methods
Animal Use and EE. All animals were treated in accordance with the Johns Hopkins University Animal Care and Use Committee guidelines. For all experiments mice were age 8-10 wk. Mice were either left in their home cage or allowed to explore an enriched environment, a physiologically relevant condition expected to drive neuronal activity and synaptic plasticity (40) (41) (42) , for 2 h (a large cage containing novel objects, tubes, and strings of beads suspended from the cage lid). Mice were then anesthetized by inhalation of isoflurane for 15 s followed immediately by cervical dislocation; brains were removed and forebrains (cerebral cortex and hippocampus) were dissected in ice-cold PBS and immediately frozen on dry ice. Samples were kept at −80°C until used for subcellular fractionation.
Neuronal Cultures. Cortical neurons obtained from Sprague-Dawley rats at embryonic day 18 were initially prepared in Neurobasal media (Invitrogen) supplemented with 2% B-27, 2 mM GlutaMax, 50 U/mL penicillin, 50 mg/mL streptomycin, and 5% horse serum (Invitrogen) and plated onto poly-L-lysinecoated tissue culture dishes. Cells were then transferred and maintained in a humidified tissue culture incubator at 37°C in a 95% air and 5% CO 2 mixture; 5 mM FDU (5-fluoro-2′-deoxyuridine; Sigma) was added at DIV 4 and cells were thereafter maintained in glia-conditioned NM1 (Neurobasal media with 2% B-27, 2 mM GlutaMax, 50 U/mL penicillin, 50 mg/mL streptomycin, and 1% horse serum). Cultured cortical neurons were fed twice per week. For all experiments, cortical neurons (grown for 13-14 d in vitro) were plated at a density of 800,000 cells per well into standard six-well tissue culture plates.
SILAM. Metabolic labeling of mice with heavy isotope was accomplished as previously described with minor modifications (37, 76, 77) . Briefly, following weaning at 3 wk old (P21), young male mice were fed with a diet enriched in stable heavy-isotope-labeled amino acids [MouseExpress L-Lysine ( 13 C 6 , 99%) MOUSE FEED, Lys- 13 C 6 ] for a pulse period of 7 wk. The mice were then switched to feed containing unlabeled (light) amino acids (MouseExpress Unlabeled MOUSE FEED, Lys-12 C 6 ) for a chase period of 7 wk, during which time the majority of heavy-labeled proteins are replaced with newly made unlabeled proteins.
At the end of the pulse period, just before chase, one cohort of mice remained in their home cages, while another cohort of mice was transferred to an EE cage for 3 d as described above. Mice from control and EE, pulse and pulse-chase labeling were then killed, tissues were harvested, and cortex and hippocampus were dissected and flash-frozen for further subcellular fractionation to yield synaptosomes and cytosol fractions. Subcellular Fractionation and Western Blotting. Tissues (cortex and hippocampus) collected after pulse-or pulse-chase labeling were homogenized using a Tenbroeck tissue grinder in homogenization buffer [320 mM sucrose, 5 mM sodium pyrophosphate, 1 mM EDTA, 10 mM Hepes, pH 7.4, 200 nM okadaic acid, and protease inhibitor mixture (Roche)]. The homogenate was then centrifuged at 800 × g for 10 min at 4°C to yield P1 (nuclear fraction) and S1 fractions. S1 fraction was further centrifuged at 17,000 × g for 20 min at 4°C to yield P2 (membrane/crude synaptosome) and S2 (cytosol) fractions. P2 was resuspended in homogenization buffer and layered onto nonlinear sucrose gradient cushion (1.2 M, 1.0 M, and 0.8 M sucrose from bottom to top) then centrifuged at 82.500 × g for 2 h at 4°C. Synaptosomes were collected at the interface of 1.0 M and 1.2 M sucrose cushion. Collected synaptosomes were diluted with 10 mM Hepes, pH 7.4, to reach a final concentration to 320 mM sucrose and then centrifuged at 150,000 × g for 30 min at 4°C. The final synaptosome pellet was resuspended in 50 mM Hepes, pH 7.4, followed by protein quantification and biochemical analysis.
For Western blotting analysis, samples were quantified using BCA protein assay kit and loaded onto 9 or 12% SDS/PAGE (depending on the molecular weights of the protein of interest). Proteins were transferred to PVDF membrane, and the membranes were blocked with Odyssey blocking buffer for fluorescent detection or 3% BSA in Tris-buffered saline with Tween (TBST) for chemiluminescent detection for 1 h at room temperature. Primary antibodies were resuspended in Odyssey blocker or 3% BSA in TBST for overnight at 4°C with gentle rocking. Antibodies were used as follows: mouse anti-GluA1 (homemade clone 4.9D, 1:5,000), rabbit anti-CRMP1 (1:2,000; Abcam), rabbit anti-CRMP2 (1:300,000; Abcam), rabbit anti-CRMP3 (1:2,000; Abcam), rabbit anti-CRMP4 (1:2,000; Abcam), rabbit anti-CRMP5 (1:2,000; Abcam), rabbit antiRRas2 (1:1,000; Abcam), mouse anti-endophilin 2 (1:1,000; Santa Cruz), mouse anti-endophilin 3 (1:1,000; Santa Cruz), rabbit anti-PKA2 beta regulatory subunit (1:10,000; Abcam), rabbit anti-PKA R2 regulatory subunit 2 alpha (1:5,000; Abcam), mouse anti-SIRT2 (1:500; Santa Cruz), mouse anti-neurofilament-H (1:1,000; Cell Signaling), mouse anti-neurofilament-M (1:1,000; Cell Signaling), mouse anti-neurofilament-L (1:1,000; Cell Signaling), mouse anti-PSD95 (1:1,000,000; NeuroMab), rabbit anti-synaptophysin (1:5,000; Abcam), and mouse anti-alpha tubulin (1:400,000; Sigma). Primary antibodies were removed and membranes were washed followed by secondary antibodies in blocking solutions as follows: donkey anti-rabbit IgG IRDye 680 conjugate (1:100,000; LI-COR), donkey anti-mouse IgG IRDye 800 conjugate (1:100,000; LI-COR), donkey anti-rabbit IgG HRP conjugate (1:6,000; GE Healthcare Life Sciences), and sheep anti-mouse IgG HRP conjugate (1:6,000; GE Healthcare Life Sciences). Blots were developed using either LI-COR Odyssey CLx Imaging system (LI-COR) or Luminata Forte Western HRP substrate (EMD Millipore) and imaged using manual film exposure. were added to culture dishes to achieve a heavy isotope spiked-in condition at 5:1 (heavy:light) ratio. Neurons were simultaneously treated with 20 μM Bic or 1 μM TTX to induce homeostatic scaling-up or -down and harvested after 6 h and 1, 3, and 7 d. Neurons were fed with glia-conditioned NM1 containing heavy lysine and arginine and additional Bic or TTX at concentrations that preserved the 5:1 heavy:light ratio. Bic and TTX were supplemented on day 3 of homeostatic scaling to compensate the loss of initial Bic and TTX. At each harvesting time point, neurons were gently washed twice with ice-cold PBS then scraped out using cell harvesting buffer [10 mM Hepes, pH 7.4, 320 mM sucrose, 50 mM sodium fluoride, 5 mM sodium pyrophosphate, 1 mM EDTA/EGTA, 200 nM okadaic acid, and protease inhibitor mixtures (Roche)] and centrifuged at 1,000 × g for 5 min at 4°C. Pelleted neurons were snap-frozen and kept at −80°C until use. Pelleted neurons were lysed in 100 mM Tris·HCl, pH 8.0, containing 4% SDS (wt/vol) and 100 mM DTT, sonicated, and centrifuged at 16,000 × g at 15°C.
Liquid Chromatography-MS/MS Analysis. An Orbitrap Elite mass spectrometer or Orbitrap Fusion Tribrid or Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific) interfaced with Easy nLC 1000 liquid chromatography (LC) system (Thermo Fisher Scientific) or Easy nLC 1200 LC systems (Thermo Fisher Scientific) were used for LC-MS/MS analysis (see SI Materials and Methods for details).
Additional detailed materials and methods are described in SI Materials and Methods.
